Regeneration of normal shape, architecture, and function of craniofacial tissues following congenital abnormality, trauma, or surgical treatment presents special problems to tissue engineering. Because of the great variations in properties of these tissues, currently available treatment options fall short of adequate care. We propose that the engineering of personalized bone graft customized to the patient and the specific clinical condition would revolutionize the way we currently treat craniofacial defects and discuss some of the current and emerging treatment modalities. STEM CELLS TRANSLATIONAL MEDICINE 2012;1:64 -69 
INTRODUCTION

Reconstruction of Head and Face: Recent Advances and Current Needs
Defects in head and face due to trauma, tumor removal, or congenital abnormalities not only leave patients with reduced tissue structure and function but also render them psychologically scarred. The burden of craniofacial injuries extends far beyond medical expenses, as these injuries often impair the patient's social integration and ability to engage in economic activity. Because of the complexity of craniofacial reconstructions [1, 2] , the currently available treatment options fall short of adequate care [3, 4] . There is a pressing need for functional and esthetic restoration of a multitude of bones, including temporomandibular joint (TMJ), zygomatic arch, cranial, nose, temple, mandible, and orbital bone. The current market for craniofacial bone is estimated to be $390 million for trauma alone, based on the overall market for trauma of $3 billion in 2010, with facial trauma representing 13% of all traumatic bone injuries [5] .
Numerous bone-grafting options exist for head and face reconstruction to fulfill various needs, depending on the specifics of the defect and the patient's clinical condition. Autologous bone implantation is widely adopted because of the superior osteogenic, osteoinductive, and osteoconductive properties of native bone grafts [6] . Sources of autologous grafts determine their quality and functionality in the craniofacial complex. The membranous bone grafts, such as those harvested from cranium [7] , are superior to endochondral bone grafts in terms of the volume maintenance [8] , whereas highly vascularized grafts, such as vascularized bone flap from fibula or iliac bone [9] , have an advantage of rapid incorporation into the host bone and vascular flow [6] . Finally, osteochondral grafts can repair composite defects of bone and fibrocartilage [9, 10] . Autologous grafts are considered a gold standard for head and face reconstruction because of their bioactivity, mechanical competence, and immediate cellular function. However, the restricted volume of the bone available for harvest, donor site morbidity, the lack of precision in carving delicate shapes of craniofacial bones, and differences in the structure and biomechanics of bones from different parts of the body call for alternative methods.
Bone allografts and alloplastic substitutes provide unlimited off-the-shelf supply of implants in a range of sizes and shapes. Bone allografts are osteoconductive and may also have some osteoinductive capability [11, 12] . For comparison, a demineralized bone matrix (DBM) exhibits significant osteoinductive behavior and imparts osteoconductivity to the collagen matrix [13] . However, the use of bone allografts is often associated with infection, disease transmission, and immunological rejection. Processing bone allografts into a demineralized bone matrix can significantly reduce these complications [12] . In contrast, alloplastic grafts are fabricated from synthetic materials, such as hydroxyapatite, calcium phosphates, polymers, plastics, and metals, and carry less burden of infection or immune rejection. Also, nonbiological grafts can be designed to provide desired mechanical strength, size, and shape to meet specific implantation requirements. However, the osteoinductivity and
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STEM CELLS TRANSLATIONAL MEDICINE 2012;1:64 -69 www.StemCellsTM.com osteoconductivity of alloplastic grafts are generally inferior to those exhibited by autologous or allogeneic bone grafts [6] . Also, the nonbiological nature of alloplastic grafts does not provide metabolic function, adaptation, and remodeling of bone (e.g., in response to mechanical loading and aging), all of which are critical for long-term function of implanted grafts. Existing bone grafting techniques offer a variety of tools to reconstruct head and face defects, with tolerable success. Nevertheless, disadvantages and complications of existing bone grafts inspire clinicians, scientists, and engineers to develop more effective bone treatment modalities. A major trend in this direction is the development of personalized bone grafts that are autologous in nature and have properties tailored to the patient and the specific clinical situation.
During development, the craniofacial and skeletal bones form by two distinct processes: intramembranous and endochondral ossification, respectively. In intramembranous ossification, cells of the condensed mesenchymal tissue differentiate into osteoblasts and directly form bone. In contrast, endochondral ossification involves the formation of cartilaginous anlage, which then undergoes calcification and invasion by blood vessels, resulting in the formation of new bone by mesenchymal stem cells. The developmental differences are necessarily reflected in tissue engineering protocols for the two types of bone.
The important criteria for developing functional bone grafts for head and face reconstruction include (a) superior bioactivity for successful graft incorporation, (b) native-like graft shape and architecture for esthetic purposes, and (c) maintenance of tissue volume during and beyond the bone remodeling period. Patientspecific bone grafts can be designed to synergize the advantages of autologous and alloplastic grafts. A personalized graft is readily accepted by the patient's immune system and designed to match, with great precision, the structural and biomechanical features of the donor site to ensure full reconstruction of both esthetics and function. The availability of personalized human bone graft customized to the patient and the specific clinical condition would revolutionize the way we currently treat craniofacial defects.
Engineering Personalized Human Bone Grafts
A fundamental requirement for personalized bone reconstruction is to fulfill the functional and esthetic properties by fabricating anatomical shape grafts with the ability for integration with the host bone, adjacent soft tissues, and vascular supply and the capacity for load-bearing and remodeling. We highlight three strategies of great interest for engineering personalized bone grafts that rely on the use of (a) bioactive scaffolds, (b) cellseeded scaffolds, and (c) autologous bone grafts grown in vitro cell-seeded scaffolds, with or without additional bioactive factors, designed to foster rapid bone growth inside a scaffold providing structural and mechanical competence, and (c) autologous bone grafts grown in vitro to various levels of maturity, designed to provide immediate function along with the capacity for integration with the adjacent tissues and blood supply. The similarity to native bone tissue increases from bioactive scaffolds to cell-seeded scaffolds and to preformed bone, whereas the readiness for clinical application decreases in this same order.
( Fig. 1 ). These three strategies result in different maturity of the implanted tissue (from scaffold alone, over immature cellular graft, to preformed bone) and the promptness for translation (with cell-free scaffolds being closer to clinical application than cellular or bone grafts).
Since the facial skeleton has complex shapes with anisotropic structural and mechanical properties that vary from one individual to another, imaging-guided tissue engineering technologies are of great interest. Computer-assisted imaging and preoperative planning are increasingly used to predetermine the surgical location and to facilitate manufacturing of patient-specific implants. Rudman et al. summarized the innovations in computer-assisted reconstructive surgery, including anatomic considerations, implant materials available, technologies for preoperative planning, and the process of obtaining a patient-specific graft [14] . Clinical experience demonstrates that virtual planning, rapid prototype modeling, and stereotactic navigation for complex craniofacial defects can provide the reconstructive surgeon with innovative options for treating challenging and patient-specific reconstructions [15] . The use of computer-assisted imaging allows an exact fabrication of a personalized graft matching the esthetic requirements of head and face reconstructions.
Option 1: Bioactive Acellular Scaffolds. The first option for personalized bone reconstruction is the use of scaffolds made of biodegradable synthetic materials with incorporated osteoinductive factors that can recruit the host cells and guide bone ingrowth. Ideally, bone healing responses to implantation of these scaffolds involve host inflammatory reaction, cell proliferation, migration, differentiation, revascularization, and new bone formation [6] . The biodegradation can be provided either through hydrolysis or inflammatory and osteoclastic resorption at rates allowing isomorphic replacement of scaffold material with the new bone tissue. The bioactive function should support all processes involved in bone tissue formation-vascularization, osteogenic differentiation, and prevention of scar formation. In addition, mechanical properties of the scaffold are important, especially for load bearing sites, such as the temporomandibular joint (TMJ). Two techniques are being actively pursued toward designing bioactive scaffolds: (a) fabrication of hierarchical structures resembling those of the native tissue to provide mechanical support and direct cell migration and differentiation and (b) incorporation of biomolecules to recruit cells and guide bone formation.
Considerations for scaffold architecture include porous channels for cell migration, surface features for cell attachment, and mass-transport conduits for cell nutrition. Because of the complexity of facial bones, an "ideal" scaffold would have a hierarchical porous structure to attain desired mechanical function and mass transport and allow for manufacturing of complex three-dimensional anatomical shapes [16] . Common methods for fabrication of anatomically shaped scaffolds include molding and machining [17, 18] . Examples of highly anisotropic structure include the native skull bone and the TMJ that contains vertical lamina of cancellous bone, with the matrix density decreasing from superior to inferior across the condyle [19, 20] . Another example is the zygomatic arch (cheek bone) that has a porous central region and a compact rim, with trabeculae arranged vertically and anteroposteriorly [21] [22] [23] [24] .
Recently, manufacturing techniques known as solid free-form fabrication (SFF) and rapid prototyping have been successfully used to fabricate complex scaffolds. SFF builds parts by selectively adding materials, layer by layer, as specified by a computer program [25] . Using this technique, scaffolds can be fabricated to match the anisotropic structure of human mandibular condyle from polycaprolactone ( Fig. 2A) [16] . Optimizing architecture and scaffolding material for biocompatibility and osteoconductive Incorporation of biomolecules into alloplastic scaffolds could be used to recruit specific cell types into the scaffold in a way leading to bone regeneration. With advances in scaffold fabrication and controlled release of bioactive factors [26, 27] , "smart" scaffolds are becoming available to provide both a structural template and the temporal control of osteoinductive factors. The use of growth factors, including transforming growth factor ␤, bone morphogenetic proteins (BMPs), fibroblast growth factors, insulin-like growth factors, and platelet-derived growth factor, in the repair of bone has previously been reviewed [28] . Scaffolds releasing multiple factors in a timely fashion-for example, initial release of cytokines to recruit cell migration followed by the release of vasculogenic and osteogenic factors to direct bone formation-would be most effective for guiding bone regeneration. Techniques in anatomical shape alloplastic graft fabrication and incorporation of cytokines, such as BMP-2, are currently being used commercially, whereas the more complex systems, such as multiple cytokines incorporation, are only being investigated in vitro.
Option 2: Cell-seeded Scaffolds. Cellularized grafts, in general, provide better integration with the host tissues and remodeling than acellular scaffolds. Cell-seeded scaffolds combine the benefits of adding exogenous cells with the incorporation of bioactive molecules and the use of customized scaffolds. In order to prevent immunological response, the graft can be made using autologous materials. Harvesting osteoblasts from native tissue would cause donor site morbidity and is, therefore, not a method of choice. Instead, less invasive harvesting methods are preferred to obtain autologous cells from whole bone marrow (BM) or adipose tissue and the platelet-rich plasma (PRP).
Bone marrow is rich in biomolecules and cells responsible for normal maintenance of bone, including three types of stem cells: hematopoietic, mesenchymal, and vascular precursor cells. Autologous PRP is commonly used in clinical settings to treat injury and defects. PRP consists of concentrated platelets in a small volume of plasma extracted from whole blood. It comprises seven fundamental protein growth factors proved to be actively secreted by platelets to initiate wound healing and three blood proteins known to act as cell adhesion molecules for osteoconduction and synthesis of connective tissues and epithelial migration [29] . Both the bone marrow and PRP can be harvested and seeded into anatomical shape scaffolds in a point-of-care setting right prior to implantation.
We focus, in this review, on the types of adult stem cells that have demonstrated high clinical potential in the application of personalized human bone graft for reconstructing head and face, including mesenchymal stem cells from bone marrow (BMSCs), adipose-derived stem cells (ASCs), and dental pulp stem cells (DPSCs). Other sources of cells-such as embryonic and fetal stem cells-are not discussed, as they still have not shown advantages over adult stem cells or induced pluripotent stem (iPS) cells in term of osteogenic differentiation and bone formation.
BMSCs are the most extensively investigated and used therapeutic cells for bone regeneration. These cells have had quite successful use in orthopedic cell-based reconstructive therapies [30] . ASCs have similar immunophenotype, morphology, and multilineage potential to BMSC. Because ASCs are more abundant and more accessible than BMSCs, causing very little donor site morbidity, these cells are actively investigated as an alternative to BMSCs [31, 32] . Both BMSCs and ASCs were shown to stabilize vascular infiltration and to form functional bone. Much less investigated, yet interesting, cell sources are DPSCs, the cells entrapped within dental pulp, which are a source of stromal stem cells that can be obtained at the time of tooth extraction and stored for future use [33] . Similar to BMSCs and ASCs, DPSCs are a source of osteoblasts and are able to form mineralized bone tissue in vitro [34] . The use of any type of adult stem cells in cellularized bone grafts requires isolation, purification, and in vitro expansion in order to obtain an adequate number of high-quality stem cells.
Immature cellularized grafts, obtained by seeding of scaffolds immediately prior to implantation, enhance osteogenesis in the site of the bone defect by their constituent cells and biological factors. The enhancement in craniofacial reconstruction was investigated using various combinations of cellular and scaffolding materials in several autologous implantation models: BM in a scaffold [35] , PRP in a scaffold [29] , BMSC in a scaffold [36] , and BMSC with PRP [37] . In general, grafts containing cells were superior over their respective no-cell controls, conclusively suggesting that implanted autologous cells contributed to the reconstruction process. The uses of cellseeded scaffold were conducted in an animal model as an in vivo proof-of-concept and to determine its efficacy. Challenges for fabricating personalized immature cellular graft include obtaining sufficient amounts of cellular material, spatially uniform and rapidly seeding a large anatomical shape scaffold, maintaining graft survival postimplantation, and controlling cells to undergo tissue-specific formation in vivo.
Option 3: Customized Autologous Bone Grafts. Knowledge in stem cells biology has advanced to the point that allows biologists and bioengineers to manipulate cells into specific tissue types and form in vitro bone tissues of various levels of maturity. BMSCs, ASCs, and DPSCs have the capability to proliferate in vitro and differentiate into multiple cell phenotypes, including adipogenic, chondrogenic, and, most importantly in this context, osteogenic [31, 38, 39] . Adult stem cells quality (cell numbers, purity, and proliferative and differentiating abilities) alter from one individual to another and by age [40] . Consequently, selecting one cell phenotype over another for engineering personalized autologous bone grafts is highly patient specific and requires adequate assessment criteria. Human induced pluripotent stem cells (iPSCs) that have recently become available offer significant potential for engineering of a multitude of tissues, as these cells are both autologous and pluripotent [41] . Osteogenic potential of iPSC has been demonstrated through direct differentiation and derivation of MSC-like cells [42] . However, the clinical applicability of iPSC is still far from fruition. iPSCs evolve very slowly in culture, and the yields can be rather low [41] . In addition, the iPSC used for therapeutic purposes must be free of genomic insertions of transgene sequences [42] . Therefore, novel techniques must be developed to overcome these obstacles prior to clinical use.
Engineering clinically sized autologous bone grafts requires a large number of cells and advanced cultivation systems providing cell seeding of anatomically shaped scaffolds, sufficient nutrition to the cells within scaffolds, and regulatory signals for cell differentiation and functional assembly [43] . Various technologies have been developed for engineering human bone grafts by using various scaffolds and bioreactor configurations [43] [44] [45] . In a suitable environment and with adequate stimulation, stem cells differentiate into osteogenic cells, producing bone proteins and minerals [46, 47] . Furthermore, when an appropriate amount of osteoconductive scaffolding material is initially incorporated into a protein matrix, BMSCs differentiate into osteogenic lineages and form trabecular bone-like structure, with significant enhancement of the graft mechanical properties [48] . Notably, tissue engineered bone grafts are superior to either scaffold alone or cell-seeded scaffold in terms of graft incorporation into the critical size mouse calvarial bone defects [49] .
Maintaining cellularity in large, anatomically shaped bone grafts in vitro can be a challenging task. Recently, Grayson et al. [50] reported that clinically sized, anatomically shaped, viable human bone grafts can be engineered in vitro using human mesenchymal stem cells and a "biomimetic" scaffold-bioreactor system (Fig. 2B-2E ). Human TMJ was selected as a model because of the tremendous clinical importance of TMJ and the challenges associated with reconstructing its complex shape and load-bearing function. Anatomically shaped scaffolds were generated from fully decellularized trabecular bone using digitized clinical images (Fig.  2B ) and seeded with human mesenchymal stem cells. A novel bioreactor with a chamber in the exact shape of a human TMJ was designed for controllable perfusion throughout the engineered construct (Fig. 2C) . By using computer software to analyze fluid flow patterns, the medium perfusion was optimized to ensure nutrient transport within the forming tissue (Fig. 2D) .
By five weeks of cultivation, tissue growth was evidenced by the formation of confluent layers of lamellar bone (by scanning electron microscopy), markedly increased volume of mineralized matrix (by quantitative microcomputer tomography), and the formation of osteoids (histologically). For the first time for the bone grafts of this size and complexity, cells were fully viable at a physiologic density, likely an important factor of graft function (Fig. 2E) . The density and architecture of the bone matrix correlated with the intensity and pattern of the interstitial flow, as determined in experimental and modeling studies. This approach has potential to overcome a critical hurdle-in vitro cultivation of viable bone grafts of complex geometries-and provide patient-specific bone grafts for craniofacial and orthopedic reconstructions.
The potential of engineering autologous bone grafts with precise anatomical shapes, internal architectures, and biomechanical properties matching the properties of native tissues is tremendous. This approach is currently being investigated on benchtop and in large animal models, and it could impact research in developmental biology (where high-fidelity tissue models can be used to study bone formation), as much as clinical translation (by providing surgeons with large and viable anatomically shaped bone grafts for treating craniofacial or orthopedic defects). Current developments are nearing a point when such an approach could become clinically feasible for reconstruction of small to moderate-sized bone defects.
One major challenge in reconstructing large bone defects remains in the ability to vascularize the graft and establish blood perfusion immediately following implantation to maintain graft viability. Vascularization has been identified as a major factor influencing bone development, healing, remodeling, and graft repair. In fact, bone is not vascularized during development, but instead, the vascular network develops first and serves as a template for the assembly of the bone matrix. The techniques under research include prevascularization in vivo, prevascularization in vitro, and incorporation of angiogenic factors. The success of large autologous bone graft entails further investigation in large animal models for rigorous evaluation of the safety and efficacy of bone tissue engineering at scales and under loading conditions comparable to human. The considerations for translational work also include the graft maturity (which affects both the survival and function), the effectiveness of prevascularization, and provisions for the long-term graft function and remodeling.
SUMMARY
Bone defects in head and face due to trauma, tumor removal, or congenital abnormalities have far-reaching consequences, as these injuries most directly impair all aspects of the patient's life. Regeneration of normal shape, architecture, and function of craniofacial tissues presents special problems to tissue engineering. Because of the great variation in properties of these tissues among different grafts and from one person to another, currently available treatment options fall short of adequate care. In general, the clinical utility of craniofacial tissue engineering depends upon our ability to direct cells to form tissues with sitespecific properties across different hierarchical scales. The availability of customized living tissues engineered in vitro would revolutionize the way we currently treat craniofacial defects. Engineering of living bone grafts would also have tremendous value for controlled studies of the development and regeneration of craniofacial tissues. Recent years have brought significant advances in the synergistic use of stem cells and bioengineering for craniofacial reconstruction and identified many of the remaining challenges in translating these advances into clinical reality.
